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Abstract 
Our goal was to create bio-functional chlorhexidine (CHX)-doped thin films on commercially 
pure titanium (cpTi) discs using the glow discharge plasma approach. Different plasma 
deposition times (50, 35 and 20 min) were used to create bio-functional surfaces based on 
silicon films with CHX that were compared to the control groups [no CHX and bulk cpTi 
surface (machined)]. Physico-chemical and biological characterizations included: 1. 
Morphology, roughness, elemental chemical composition, film thickness, contact angle and 
surface free energy; 2. CHX-release rate; 3. Antibacterial effect on Streptococcus sanguinis 
biofilms at 24, 48 and 72 h; 4. Cytotoxicity and metabolic activity using fibroblasts cell 
culture (NIH-F3T3 cells) at 1, 2, 3 and 4 days; 5. Protein expression by NIH-F3T3 cells at 1, 
2, 3 and 4 days; and 6. Co-culture assay of fibroblasts cells and S. sanguinis to assess live and 
dead cells on the confocal laser scanning microscopy, mitochondrial activity (XTT), 
membrane leakage (LDH release), and metabolic activity (WST-1 assay) at 1, 2 and 3 days of 
co-incubation. Data analysis showed that silicon films, with or without CHX coated cpTi 
discs, increased surface wettability and free energy (p<0.05) without affecting surface 
roughness. CHX release was maintained over a 22-day period and resulted in a significant 
inhibition of biofilm growth (p<0.05) at 48 and 72 h of biofilm formation for 50 min and 20 
min of plasma deposition time groups, respectively. In general, CHX treatment did not 
significantly affect NIH-F3T3 cell viability (p>0.05), whereas cell metabolism (MTT assay) 
was affected by CHX, with the 35 min of plasma deposition time group displaying the lowest 
values as compared to bulk cpTi (p<0.05). Moreover, data analysis showed that films, with or 
without CHX, significantly affected the expression profile of inflammatory cytokines, 
including IL-4, IL-6, IL-17, IFN-y and TNF-α by NIH-F3T3 cells (p<0.05). Co-culture 
demonstrated that CHX-doped film did not affect the metabolic activity, cytotoxicity and 
viability of fibroblasts cells (p>0.05). Altogether, the findings of the current study support the 
conclusion that silicon films added with CHX can be successfully created on titanium discs 
and have the potential to affect bacterial growth and inflammatory markers without affecting 
cell viability/proliferation rates. 











 CHX-doped thin films were successfully created.  
 Created films were able to release CHX over 22 days. 
 Films containing CHX inhibited biofilm formation without affecting host cells. 
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1. Introduction  
A stable relationship between dental implant, abutment and peri-implant oral tissues is 
a requirement for the long-term success of implant therapy [1]. Bacterial colonization has 
been suggested as a critical factor leading to peri-implant tissue inflammation and bone loss, 
which eventually impact on implant survival [2, 3]. Over the years, a number of studies have 
tried to create functional surfaces to control biofilm formation around titanium implants [4-
6]. CHX is one of the most effective antimicrobial agents. It inhibits proteolytic and 
glycosidic activities, and reduces the action of metalloproteinases of oral bacteria [7, 8], 
displaying a broad antibacterial effect against gram-positive and gram-negative 
microorganisms.  
Several studies have sought to modify the surfaces of dental implants and prosthetic 
components using CHX to control bacterial colonization on the titanium surface. Such an 
agent-releasing approach is a promising strategy because the antimicrobial effect provided by 
the drug can go further to the specific site where it is localized [9]. Different approaches have 
been used to incorporate CHX into titanium surface including the technique of air-polishing 
with CHX powder [10], grated method with CHX [11], and the incipient impregnation 
method followed by solvent evaporation [12, 13]. However, discouraging findings have been 
reported which includes the absence of an antibacterial effect on mature biofilms.  
Low-pressure glow discharge plasma (GDP) is a promising method to create 
biofunctional surfaces at low temperature [14, 15]. Plasma deposition of thin films using 
organosilicon precursors, such as hexamethyldisiloxane (HMDSO), results in high deposition 
rates in addition to allowing control of the structure and properties of surface films by 
varying deposition conditions [16]. Thus, surface modification using the GDP approach has 
the potential to modify material’s properties allowing the introduction of various functional 
groups [17]. Organosilicon films can be deposited by exposing HMDSO compound to GDP. 
We hypothesized that the addition of CHX to the process may lead to the incorporation of 
this compound into the developing surface through homogeneous (plasma phase) and 
heterogeneous (surface plasma) reactions, and the incorporation of CHX onto metallic 
surfaces has the potential to create antimicrobial dental implant components to modulate 
biofilm formation, and therefore, affect peri-implantitis installation. In the current study, we 
used for the first time GDP as a new route to create a CHX-doped thin film on the surface of 
titanium-based materials and their physico-chemical, biological and antibacterial properties 
were defined.  
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2. Materials and methods 
 
2.1. Experimental Design 
Commercially pure titanium (cpTi) discs, 10 mm in diameter and 2 mm thickness, 
were randomly divided and submitted to GDP treatment. Three distinct experimental surfaces 
containing CHX were created by varying plasma deposition time (50, 35 and 20 min). Thin 
films without CHX and bulk cpTi discs (machined surface) were used as positive and 
negative controls, respectively. Physico-chemical characterization included surface 
morphology and roughness, elemental chemical composition, film thickness, CHX-release, 
contact angle and surface free energy. Antimicrobial properties of the experimental surfaces 
were assessed at 24, 48 and 72 h in early and later colonization of Streptococcus sanguinis, 
and assays included the number of viable microorganisms and live/dead cells. Furthermore, 
fibroblasts cell culture (NIH-F3T3) was used to determine the impact of CHX-treated 
surfaces on cell viability, morphology and expression of inflammatory markers at 1, 2, 3 and 
4 days. Co-cultures of human periodontal ligaments fibroblast cells and S. sanguinis were 
analyzed through metabolic activity (WST-1 assay), mitochondrial activity (XTT), membrane 
leakage (LDH release) and confocal laser scanning microscopy (CLSM) (LIVE/DEAD) 
assays. Summary of experimental design is illustrated in Figure 1.  
 
Fig. 1. Flowchart of experimental procedures. Bulk cpTi (machined) and GDP-created films 
based on silicon (HMDSO) without CHX were used as negative and positive controls, 
respectively.  
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2.2. Disc preparation 
CpTi discs (Grade II; MacMaster Carr) [composition in wt% was Ti (99.7), C (0.006), 
Fe (0.12), O2 (0.16), N2 (0.004), and H2 (0.0019)] were polished with a sequential SiC 
abrasive papers (#320, #400, #600 and #800) (Carbimet 2; Buehler), ultrasonically cleaned 
with deionized water and detergent (Det limp 32, Chemco), degreased with acetone and air-
dried. Non-GDP-treated surfaces (machined) were considered as the negative control group.  
 
2.3. Glow discharge plasma (GDP) treatment 
 A custom-made steel reactor was used for GDP treatments (Technological Plasma 
Laboratory; São Paulo State University, Brazil). In all cases, film deposition was performed 





 of base pressure). In three of the deposition procedures, 0.8 g of 
chlorhexidine diacetate salt hydrate powdered (CHX) (Sigma-Aldrich) was placed onto the 
driven lowermost electrode. Plasma deposition was performed using radio frequency signal 
(13.56 MHz, 150 W) applied to the lower electrode while the topmost sample holder was 
earthed. Three different silicon-based films were produced in the presence of CHX by 
varying the plasma deposition time to the following: 15, 30 and 45 min. Such plasma 
deposition time variation was an attempt to provide the incorporation of different 
concentrations of CHX in the silicon film. After each deposition cycle, the flux of the 
precursor compound (HMDSO) was interrupted in a way that plasma was sustained only by 
Ar flux. This final process, which provoked Ar ion bombardment only, lasted 5 min in all 
cases and was not applied for the preparation of the control sample (free of CHX). No CHX 
was added to the deposition process in order to prepare the positive control group (HMDSO). 
In this case, time of deposition was 15 min. Thus, the name of each thin film group was based 
























2.4. Surface characterization 
 Surface morphology and topography were determined by scanning electron 
microscopy (SEM) (JEOL JSM-6010LA; JEOL), whereas energy dispersive spectroscopy 
(EDS) was used to define surface chemical composition (n=10) [18]. Surfaces were sputtered 
with Au-Pd alloy and micrographs were obtained using secondary electrons detector and 
beam energy of 3.0 keV. A profilometer (Veeco, Dektak 150) was used to assess surface 
roughness (n=10) and film thickness (n=4) using a 500-μm scan for 15 s and a load of 3 mg. 
Each specimen was scanned at least 5 times before and after film deposition. Four different 
parameters of surface roughness were obtained: average roughness (Ra), root mean-square-
average (Rq), average maximum height of the profile (Rz), and maximum height (Rt). In 
order to measure film thickness, plasma was deposited onto a glass slide partially coated with 
a Kapton adhesive tape to create a step. Moreover, wettability and surface energy were 
determined by an automatic goniometer (Ramé-Hart 100-00; Ramé-Hart Instrument Co) 
(n=10). Two liquids were used (water as a polar component and diiodomethane as a 
dispersive component) and their contact angle with the surface was measured. The relation 
between contact angle and surface energy was evaluated by the Owens-Wendt method [19].  
 
2.5. Chlorhexidine release 
 CHX release rate was determined by UV absorbance. Each sample was immersed in 
ultrapure deionized water (≥18.2 MΩ cm) (Advance A10 Milli-Q system, Millipore) (2 mL), 
and 200-μL aliquots were collected at 24 h intervals for 22 days. An equal amount of fresh 
deionized water was added back to the elution solution following each aliquot retrieval time 
 Silicon-based films time  
Name of groups HMDSO + Ar CHX Ar bombardment  
HMDSO 15 min No No  
HMDSO+CHX20min 15 min Yes 5 min 
 
HMDSO+CHX35min 30 min Yes 5 min 
 
HMDSO+CHX50min 45 min Yes 5 min 
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point and a standard curve was obtained from a series of concentrations of CHX. UV 
absorbance was measured at 300 nm wavelength using a UV spectrophotometer (Spectra 
Max 190). CHX release rate for each group was determined using linear regression equations 
obtained from the calibration curve (r
2 
> 0.99) [20].  
 
2.6. Antibacterial analysis 
 For all biological analysis, discs were sterilized by gamma radiation (14.5 ± 0.05 kGy) 
[21]. In this study, S. sanguinis reference strain (IAL 1832) was used. Detailed preparation of 
the inoculum is described elsewhere [22]. Pooled unstimulated human saliva, provided by 
two healthy volunteers (register number CAAE: 57499416.9.0000.5418), was centrifuged at 
10,000 g for 10 min at 4 °C and the supernatant was sterilized under filtration [23]. For 
salivary pellicle formation, cpTi discs were coated with 1 mL of saliva and incubated for 2 h 
at 37 °C. Afterwards, saliva was aspirated and 100 μL of an S. sanguinis cell suspension (10
7
 
cells/mL) and 900 μL of BHI broth supplemented with 1% glucose were added. Plates were 
incubated in 10% CO2 at 37 °C for 24, 48 and 72 h. The medium was refreshed every 24 h. 
Assays were performed at least 3 times in triplicate (n=9). After biofilm formation, discs 
were washed with 0.9% NaCl to remove non-adherent cells, and adherent cells were removed 
under sonication (7 W for 30 s) in 0.9% NaCl. Sonicated suspensions (20 μL) were serial 
diluted and plated in triplicate onto Trypticase Soy Agar (TSA) (Difco Laboratories) and 
incubated at 37 °C in 10% CO2 for 48 h to determine the number of colony forming units 
(CFUs). Data were expressed as Log10 CFU/mL. Additional biofilm-containing discs (n=2) 
were analyzed under a confocal laser scanning microscope ( ei a Mi rosystems  M   
Mannheim   aden-  rttem erg  Germany) at 40× magnification. Biofilm was stained with 
LIVE/DEAD bacterial viability kit (Life technologies) where live bacteria appear in green 
(Syto®9) and dead bacteria appear in red (Propidium Iodide) [24]. 
 
2.7. Cell culture and biological analyses 
 NIH-F3T3 cells were cultivated in Dul e  o’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Technologies) and antibiotics 
(100 mg/mL of streptomycin and 100 U/mL of penicillin). A total of 3×10
4 
cells/well was 
seeded in 24-well plates containing or not cpTi discs with or without CHX. After 24 h, 
medium was replaced with DMEM supplemented with 2% FBS and antibiotics (day 0), and 
was replaced at 48 h. Experiments were performed twice in triplicate. Cell metabolic activity 
was determined by the MTT assay [25] at 1, 2, 3 and 4 days according to the manufacturer’s 
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instructions. Briefly, culture medium was replaced by 900 µL of DMEM supplemented with 
100 µL of MTT (5 mg/mL) (Life Technologies) at 37 °C, and 5% CO2 and incubated for 4 h, 
under dark condition. Supernatants were removed and replaced with 2 mL of 100% alcohol 
(Sigma-Aldrich) to dissolve the formazan crystals. Optical density of the solution was read at 
570 nm (VersaMax; Molecular Devices). Cell viability was assessed by the trypan blue dye 
exclusion method. At each experimental period (1, 2, 3 and 4 days), 10 mL of 0.4% trypan 
blue was prepared, cells were washed with phosphate buffer solution (PBS) at 37 ºC, 
trypsinized with 3-5 mL of culture medium and neutralized with 3-5 mL of PBS 
supplemented culture medium. Cells were transferred to a 15 mL tube and centrifuged for 5 
min at 2,500 rpm, the supernatant was aspirated, and the pellet resuspended in 1 mL of PBS. 
A total of 20 μL of the cell suspension was transferred to a microcentrifuge tube and 20 μL of 
the trypan blue was added. Cells were incubated for 5 min at room temperature and stained 
and non-stained cells were counted as non-viable and viable cells, respectively. In order to 
determine the impact of CHX containing surfaces on NIH-F3T3 cell morphology, 3×10
4 
cells/well were seeded in 24 well culture plates for 1, 2, 3 and 4 days. After the experimental 
periods, cells were fixed in Karnovsky’s solution for 12 h at 4 °C and post-fixed in 1% 
osmium tetraoxide for 1 h at room temperature protected from light [21]. Cells were 
dehydrated in ethanol series (35, 50, 70, 90 and 100%) at room temperature for 10 min each. 
After the final dehydration, samples were critical-point dried (Denton Vacuum, mod. DCP-1) 
and gold sputter treated (Bal-Tec, mod. SCD 050) [21] for SEM analysis. 
 
2.8. Secretome assay 
In order to determine the impact of CHX containing surfaces on the expression of 
inflammatory markers, 3×10
4 
cells/well were seeded in 24 well culture plates containing or 
not cpTi discs with or without CHX for 1, 2, 3 and 4 days. After the experimental periods, 
secreted levels of the interleukin (IL)-4, IL-6, IL-17, tumor necrosis factor (TNF)-α  and 
interferon (IFN)-γ were determined using the multiplexing technology following a previous 
protocol [26].  
 
2.9. Co-culture and analyses of fibroblast cells and S. sanguinis  
To investigate further the clinical significance of the CHX-doped film developed 
herein, a co-culture model of fibroblast cells and S. sanguinis was investigated. A total of 100 
μ  of an overnight  ulture of S. sanguinis (ATCC 10556) was mixed with 5 mL of brain 
heart infusion (BHI) broth (Difco Laboratories, Becton, Dickinson and Company) 
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supplemented with 1% of glucose and incubated overnight. Then, 1 mL of the growth 
medium was transferred to 9 mL of BHI broth supplemented with 1% of glucose for 3 h in 
5% CO2 (v/v) at 37 °C without agitation. Afterwards, S. sanguinis cells were harvested by 
centrifugation (6,000 g for 5 min at 4 °C), washed twice with 0.9% NaCl and were 
resuspended in DMEM. A final suspension of 10
7 
cells/mL was adjusted by a 
spectrophotometer (Spectronic 20; Bausch & Lomb) at 600 nm (OD = 1 ±0.02) [22]. Human 
periodontal ligament fibroblast cells (HPLF) were cultured in DMEM supplemented with 
10% fetal bovine serum (FBS) (Gibco, Life Technologies), penicillin (100 U/mL), and 
streptomycin (100 mg/mL; Gibco, Life Technologies). Cells were incubated for 24 h at 37 °C 
in a humidified atmosphere of 95% air and 5% CO2. After 24 h, medium was replaced with 
Alpha MEM supplemented with 2% FBS (day 0), and was replaced every other day until the 
end of experimental period. Once the microorganisms were added to the cell culture, 
antibiotics were not added to the medium, to avoid interference in the biofilm development. 
The direct interaction between bacteria and fibroblast cells was investigated in 24-well plates. 
The multiplicity of infection (MOI) of 1:100 bacteria/cell was calculated based on the total 
number of cells per well at confluence [27]. Then both human periodontal ligament fibroblast 
cells and S. sanguinis suspensions were propagated onto cpTi discs and incubated for 24, 48 
and 72 h at 37 °C and 5% CO2. After that, the growth medium was replaced with fresh 
DMEM without antibiotics every 24 h until the end of the experimental period. After each 
time of incubation, the co-culture medium of each sample was collected, transferred to a 96-
well mi rotiter plate (100 μ  of  ulture medium per well  totalizing 6 measurements for ea h 
sample) and cooled to room temperature, then the WST-1, XTT and LDH tests were 
performed. All analyses were performed in triplicate and the mean values of the three 
different readings were used for statistical comparisons. Non-treated fibroblast cells (cells 
seeded onto 24-well polystyrene plates without titanium discs) were used as a control of the 
experiment. 
The metabolic activity from the co-cultures was tested using the cell proliferation 
WST-1-Kit (Roche Diagnostics GmbH). The conversion of tetrazolium salt via mitochondrial 
succinate-dehydrogenase-vital cells to colored formazan was measured 
spectrophotometrically. The co-cultures were gently washed twice with PBS; after each time 
of incubation (24, 48 and 72 h), 500 µL WST-reagent was added per well, and incubated for 
4 h in the dark at 37 ºC. The absorbance at 450 nm was measured in a 96-well microtiter plate 
by a spectrophotometer. The percentage of metabolic activity was calculated using the 
following formula: metabolic activity (%) = (OD in treatment group/OD in control 
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group) × 100 [28]. This assay measured the mitochondrial activities of the co-culture based 
on the reduction of tetrazolium‐carboxanilide (XTT; Sigma-Aldrich).  
The XTT salt solution was prepared and activated with menadione. The co-culture 
was gently washed twice with PBS; 200 µL of the reaction mixture was added per well and 
incubated for 2 h in dark at 37 ºC. The absorbance at 490 nm was measured in a 96-well 
microtiter plate by a spectrophotometer after 24, 48 and 72 h [29]. The percentage of 
metabolic activity was calculated.  
An LDH assay measured membrane leakage of LDH from the co-culture by an LDH 
Kit (Promega). Then  the kit reagent was added to ea h well (100 μ  per well) and in u ated 
for 45 min. After the addition of stop solution (50 μ  per well)  the signal was measured  y a 
spectrophotometer at 590 nm. The percentage of viability was calculated using the following 
formula: via ility (%) = (OD in treatment group/OD in  ontrol group) × 100 [28].  
Co-cultures grown on cpTi discs were analyzed by qualitative visualization of live and 
dead bacterial stain. Discs were washed with PBS and placed in 24-well culture plates. 
Afterwards, a LIVE/DEAD® Bac Light Bacterial Viability kit (Sigma-Aldrich, USA) was 
used. The stained co-culture was visualized by a CLSM (Leica TCS SP5 Confocal Laser 
Scanning Microscope). The green nucleic acid SYTO 9 stain stains all cell populations, 
including those bacteria with intact and damaged membranes, whereas the red nucleic acid 
stain, propidium iodide, penetrates through damaged cell membranes. Thus, live bacteria 
were stained green and dead bacteria were stained red in the CLSM images. For 
quantification of live and dead bacteria, an intensity of interest was defined in a certain target 
by Imaris software (Bitplane, Inc., Saint Paul, MN, USA)) to control the heterogenous 
distribution of fluorescence labelling. Volume of intensity represents the number of voxels in 
the XYZ positions. The intensity of the sum of green or red bacteria were transformed and 
expressed as log values. 
  
2.10. Statistical analysis 
For the statistical analysis, the normality of errors (Shapiro-Wilk test) and 
homogeneity of variances (Levene test) were evaluated for each dependent variable. One-way 
ANOVA was used to investigate the effect of surface type on the roughness (Ra, Rq, Rt, Rz), 
film thickness, contact angle, surface free energy and antibacterial potential. Two-way 
ANOVA was used to evaluate the effect of surface type and time on the MTT, cell viability, 
release of interleukins assays, and co-culture assays (WST, XTT and LDH). Tukey HSD 
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post-hoc test was used to determine the level of significance between groups at a 95% 
confidence interval (SPSS v. 20.0; SPSS Inc). 
 
 
3. Results and Discussion 
 
3.1. Surface morphology and chemical composition 
Secondary electron micrographs have shown that the plasma deposited film is a 
matrix evenly distributed on the surface containing surface particulate matter when CHX is 
added to the process (Fig. 2). The lower magnification (×300) of micrographs demonstrated 
film deposition onto the entire surface of titanium and the absence of cracks or 
discontinuities. The HMDSO group exhibited a smooth and uniform surface while the CHX-
doped film exhibited the presence of some small particles sparsely distributed onto the 
surface are noted as a result of the CHX deposits. Longitudinal grooves were observed in the 
machined group as a consequence of the polishing process. In the ×2000 magnification, the 
presence of particulate structures was clearly observed over the entire surface in all groups 
prepared with the presence of CHX, appearing in higher amounts for the HMDSO+CHX20min 
group. The HMDSO+CHX50min and HMDSO+CHX35min groups exhibited smaller particulate 
structures, which were grouped in specific areas.  
The results of the elemental composition of the samples, derived from the EDS 
analysis, are presented in Fig. 3. Oxygen (O), carbon (C) and titanium (Ti) were detected 
onto machined surface. In this study, the plasma polymerized thin film was deposited onto 
titanium using HMDSO, and argon with and without the presence of CHX. The HMDSO 
group contained oxygen (O), carbon (C), and silicon (Si) peaks, consistently with the 
deposition atmosphere and similar to previous studies [21, 30]. All groups with films based 
on silicon with CHX exhibited peaks of oxygen (O), carbon (C), silicon (Si), chlorine (Cl) 
and sodium (Na). Silicon is one of the elements characteristic of organosilicon plasma 
deposited films [(CH3)2SiOSi(CH3)2)n] due to fragmentation of hexamethyldisiloxane into 
methylsilyl groups and other reactive functionals which can be considered precursors for film 
formation [31]. Chemically, CHX is a synthetic cationic bis-biguanide composed of two 
chloroguanide chains linked through a central hexamethylene chain, exhibiting C22H30Cl2N10 
as chemical formula [32]. In this study, the time of plasma deposition plays an important role 
in the CHX concentration (represented by the Cl element).  
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Fig. 2. Scanning electron micrographs of the surfaces of control and experimental groups at 
×300 and ×2000 magnifications. Arrows indicate the presence of particulate structures 
representing the CHX deposits. 
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Fig. 3. Atomic proportion of the elements detected on the surface from EDS analysis for 
machined and experimental groups (n=10). 
In the last five minutes of the process, when the flow of the precursor compound 
(HMDSO) was interrupted, the plasma consisted predominantly of argon. In this condition, 
the deposition process was interrupted, with low energy ion bombardment of the directed 
electrode prevailing, a process that intensifies the inclusion of CHX fragments into the 
plasma phase. It is interesting to note that even with this procedure, in which it was expected 
to incorporate the same proportion of Cl in all surfaces, regardless of the deposition time, 
there was a tendency for the proportion of this element to decrease with the increase in the 
deposition time. This behavior can be a consequence of the removal of CHX fragments from 
the film, in the final 5 min of the process. Although it is in contact with the grounded 
electrode, the titanium was coated with an electrically insulating film. Even so, electrons, 
which are species with high mobility, can continually collide with the surface of the 
insulating material present there, making it negatively charged, which attracts argon ions. The 
low energy ion bombardment thus induced can eject CHX fragments incorporated in the film 
deposition process. This mechanism, proposed by Yasuda [33], and schematized by Rangel et 
al. [34], would be favored in this research by the increase in the free mean electron path 
caused by the interruption in the flow of HMDSO. It would also explain the reduction in the 
Cl ratio of the surface if the sputtering time were increased. As the time of the sputtering 
process was kept constant in all experiments (last 5 min), the reduction in the atomic 
proportion of Cl was more consistent with the fact that the film was also deposited on CHX, 
making its emission to the plasma phase increasingly difficult as the deposition time grew. 
 








































3.2. Surface roughness and film thickness 
The surface profiling has an important role in microbial adhesion and biofilm 
development [35, 36], and also affects the adhesion and proliferation of fibroblast cells [37]. 
Surface average roughness (Ra) for control and experimental groups was maintained below a 
0.2 μm threshold. According to the roughness results presented in Fig. 4a, all groups 
displayed similar Ra, Rq, Rz and Rt values (p>0.05). Such roughness homogeneity among 
groups is an important aspect to reduce bias in the microbiological and biocompatibility 
assays and to investigate the real effect of each CHX concentration.  
 
Fig. 4. (a) Roughness values (Ra, Rq, Rz, and Rt) for controls and experimental groups 
(n=10). Similar surface roughness was noted among groups (p>0.05). (b) Thi kness of 
deposited thin films in the sili on- ased films with and without  HX (n=4). Different letters 
indi ate signifi ant differen es among groups (p<0.05). The error  ars indi ate standard 
deviation. 
 
The thicknesses of the deposited films are shown in Fig. 4b. The HMDSO+CHX50min 
group presented a statistically significant thicker film value (330 nm) when compared to the 
other groups (about 150 nm) (p<0.001). It has being reported that the plasma deposition time 
affects the film thickness [31]. Herein, the 50-min plasma deposition process generated a 
330-nm film thickness while the 20- and 35-min coating process, reduced the film thickness 
in approximately 55% (thickness of 150 nm). The very thin thicknesses of coatings obtained 
by this plasma technique is an advantageous feature to avoid misfit in abutment and dental 
implant interface [38]. 
 
3.3. Wettability and surface free energy 
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The surface wettability of biomaterials is an important factor in the interaction of 
biomaterial/host interface [39]. Surface chemical composition, surface energy, surface water 
contact angle may in turn influence the material’s biocompatibility [40]. In this study, a 
reduced water contact angle was noted for all coated groups, where all thin films based on 
silicon with or without CHX demonstrated statistically significant lower mean contact angles 
values (i.e. greater wettability) than the machined group (p<0.05). Consequently, all thin film 
groups presented higher mean surface free energy (p<0.05) (Fig. 5). Contact angle and 
surface free energy was not affected by the incorporation of CHX. Thus, the increase in 
wettability is attributed to the presence of silicon in the film. 
 
 
Fig. 5. Contact angle and surface free energy for controls and experimental groups (n=10). 
Different letters indicate statistical difference among groups for each dependent variable 
(p<0.05). Lower case letters were used for comparing contact angle values among groups. 
Capital letters were used for comparing surface free energy among groups. The error  ars 
indi ate standard deviation. 
 
Surfaces with contact angles of water below 90° exhibit hydrophilic behavior, so that 
polar liquid is spread over the surface indicating greater surface wettability [41]. The 
hydrophilic nature and the high surface energy dictate the interaction between body fluids 
and biomaterials. For instance, in biological terms, cells dispersed in the body fluid should 
neighbor the implant surface to improve the attachment and proliferation of fibroblast-like 
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cells [42]. During film deposition, the argon gas generates hydroxyl polar groups onto the 
surface, which plays a role in increasing the surface free energy [43]. 
 
3.4. Evaluation of chlorhexidine release rate 
CHX release rate was investigated over a 22-day period (Fig. 6). Data analysis 
indicated a slow release rate for CHX over 22 days until the CHX release peaked at day 8 in 
the HMDSO+CHX50min and HMDSO+CHX35min groups. On the other hand, the 
HMDSO+CHX20min group featured a rapidly release with a peak at day 6 followed by a 
gradual reduction in CHX release over the remaining days. We speculate that a thicker film in 
the HMDSO+CHX50min group and also having the lowest concentration of the chlorine 
element may have been the driven force toward its slower CHX release rate. Data of the 
current study suggest that the use of CHX-doped film onto metallic materials has the 
advantage to allow for a continuous and slow release of CHX, which is not possible using 
conventional approaches or rinses [13]. The kinetic release assays have revealed the proper 
behavior of this coating in terms of its gradual release of CHX, which was also shown to 
impact on in vitro biofilm formation. Although, promising findings are reported by the 
present study, further in vivo studies should be designed to determine whether or not CHX-
doped films are able to affect biofilm development around dental implants, and more 
importantly, prevent peri-implantitis to occur.  
 
Fig. 6. Dynamics of CHX release from cpTi discs doped with different concentrations of 
chlorhexidine (n=2). Error  ars indi ate standard deviation. 
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3.5. Antibacterial behavior 
The ability of CHX-doped films to affect early and late colonization of S. sanguinis 
(Log10 CFU/mL) was assessed at 24, 48 and 72 h and is illustrated in Fig. 7. Data analysis 
show that CHX containing surfaces present a trend to reduce biofilm formation. Significantly 
reduction was noted at 48 h of biofilm formation for HMDSO+CHX50min vs. machined 
control (p=0.04). For more mature biofilm, HMDSO+CHX20min exhibited lower Log10 
CFU/mL counts than controls (p<0.05).  
 
Fig. 7. Colony forming units (Log10 CFU/mL) of S. sanguinis for controls and experimental 
groups at 24, 48 and 72 h of biofilm development (n=9). The statistical difference between 
groups is showed with the connected line (*p<0.05). The error  ars indi ate standard 
deviation. 
 
The effectiveness of CHX as an adjunct for periodontal therapy has been proven for 
many years. It modifies the periodontal microflora and inhibits glycosidic and proteolytic 
activities from potent periodontal pathogens [44, 45]. The results presented here demonstrate 
a suitable biofilm inhibition for CHX-doped films. The antimicrobial activity of CHX relies 
on the increased cellular membrane permeability and subsequent coagulation of intracellular 
cytoplasmic macromolecules [46]. In addition, the binding process between the CHX 
molecules and the lipoteichoic acid of gram-positive bacteria promotes the leakage of 
intracellular compounds and consequent bacterial death [47]. Although the 
HMDSO+CHX50min group displayed the lowest and slowest drug releasing rate during the 
experimental period, it resulted in the highest level of biofilm inhibition during 48 h. Hugo 
and Longworth [48] found that low CHX concentrations led to a long period of 
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dehydrogenase activity (greater than 200 h), whereas as found in the current study higher 
concentrations of CHX are more rapidly bactericidal [48]. stages of biofilm formation (72 h) 
the HMDSO+CHX20min group featured the greatest biofilm inhibition. We speculate that the 
antibacterial ability of CHX-doped films to inhibit biofilm formation has a direct relation 
with CHX concentration and the CHX particle size deposited onto the cpTi surface. For 
instance, SEM micrographs show that the HMDSO+CHX50min exhibited smaller CHX 
particles while HMDSO+CHX20min presented the greatest one. Lower particle size may 
induce a faster biofilm inhibition as shown here. 
In the present work, additional experiments were carried out in order to define the 
antibacterial impact of CHX-doped films based on silicon created on cpTi. CLSM analysis 
demonstrated that CHX treatments possibly increased the number of dead cells (stained in 
red) as compared to the groups with no CHX (Fig. 8). These results confirm that CHX-doped 
films based on silicon created on cpTi discs have the potential to affect S. sanguinis viability, 
and consequently biofilm formation in vitro. In addition, these findings indicate that the 
CHX-doped film based on silicon approach has the advantage to affect biofilm formation at 
the early stages, which has been reported to be an advantage over the treatment of a well-
structured mature biofilm [4]. It is important to point out that the reduced counts of S. 
sanguinis observed here was a valuable finding as our previous study [49] has shown that by 
reducing bacterial and fungal adhesion onto titanium surface, we were able to reduce the 
microbial dysbiosis changes and consequently the pathogenic potential of biofilms. Although 
the developed CHX-doped thin film is promising to reduce biofilm formation, future in vitro 
studies using more complex multi-species and in situ biofilm models are warranted. 
Additionally, even if there is biofilm reduction, it was lower than 1 log10 of CFU counts, so 
next studies should drive new protocols of CHX deposition to optimize its antimicrobial 




Fig. 8. Representative CLSM images of live/dead staining of S. sanguinis for control and 
experimental groups at 24, 48 and 72 h of biofilm development. Live cells are stained in 
green, whereas dead cells are stained in red.  
 
3.6. Cell metabolic activity and viability/proliferation assays 
In the current study, cell culture assays were performed in order to determine the 
impact of CHX-doped films created on cpTi discs on cell behavior. First, we assessed the 
effect of different silicon-based films, with or without CHX, on cellular metabolism by the 
MTT assay. In general, data analysis showed that GDP-created films alone significantly 
affected cell metabolism as compared to bulk cpTi at days 3 and 4. Interestingly, CHX 
treatment potentiated such effect at day 3. At the latter stages (day 4), CHX treatment did not 
alter the ability of cells to metabolize MTT compared to the film alone (p>0.05). Next, we 
examined the effect of CHX treatment on cell viability, and found a concentration dependent 
trend towards reduced viable cell numbers at day 3 (p>0.05) (Fig. 9b). Therefore, regardless 
of the plasma deposition time, CHX treatment did not significantly affect cell viability. 
Although, it has been suggested that treatment of peri-implant diseases with CHX could 
strive toxic effects on gingival fibroblasts and endothelial cells, mitigating the initial healing 
stage [50], the results of the present study indicate that a significant antibacterial effect of low 
concentration CHX-doped films based on silicon is possible without affecting the host cells. 
In addition, as forces underlying cell-matrix adhesive interactions may also be relevant to cell 
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responses, multiple measurement systems have been developed to quantify the spatial and 
temporal dynamics of cell adhesive forces, including washing the cells with physiologic 
buffers and counting the remaining cells afterward, as reviewed by Zhou & Andrés [51]. In 
the current study, as the proportion of viable cells was determined by counting the cells after 
washing control and experimental discs with PBS, one may assume that it also illustrates the 
impact of the substrate on cell adhesion strength. With that in mind, data analysis indicates 
that neither the control nor CHX-doped films significantly affected cell adhesion. However, 
our findings on cell adhesion should be cautiously interpreted, as such an approach presents 
limitations that include, for example, low sensitivity, and therefore, further studies should be 
designed using more contemporaneous assays including three-dimensional adhesion strength 
quantification, to further determine potential interferences of CHX-doped films on cell 
adhesion. 
 
Fig. 9. (a) MTT assay: Cells were seeded at 3×10
4 
cells/well and analyzed at 1, 2, 3 and 4 
days for the controls and experimental groups (n=9). Asterisk and lower-case letters indicate 
statistical intra- and inter-group differences (p<0.05). (b) Cell viability assay: The impact of 
CHX-doped films created on cpTi discs on cell viability was assessed at 1, 2, 3 and 4 days 
using the trypan blue dye exclusion assay (n=9). Data is presented as the percentage of viable 
cells. The error  ars indi ate standard deviation. 
 
3.7. Cell morphology  
In the current study, a potential effect of CHX-doped films based on silicon created on 
cpTi discs on NIH-F3T3 cell morphology was assessed by SEM (Fig. 10). Overall, 
qualitative analysis showed that CHX-doped thin films based on silicon did not affect cell 
adherence onto cpTi discs. However, at the HMDSO+CHX20min group, lower cell densities 
were observed over the experimental period. Harmful signals of cytotoxic effects and cell 
death were noted in the HMDSO+CHX20min group as compared to the other groups, including 
morphological changes, shrinkage, smaller and pyknotic cells, and loss of cytoplasmic 
processes. Additionally, at the HMDSO+CHX20min group, cells were found to be arranged in 
a more sparingly way and small numbers, which might be an indication of cell lysis [52]. 
This may be attributed to the high concentration of CHX in this group. In contrast, qualitative 
analysis showed that, at the HMDSO+CHX50min and HMDSO+CHX35min groups, there were 
not evident differences as compared to the control groups.  
 
 
Fig. 10. Scanning electron microscopic micrographs illustrating NIH-F3T3 cells cultured on 
cpTi discs with and without CHX-doped thin films at days 1, 2, 3 and 4. 
 
3.8. Secretome analysis 
Here, the impact of CHX-doped films on the secretion of inflammatory markers was 
assessed by the multiplex technology. NIH-F3T3 cells were cultured on cpTi discs, with or 
without CHX-doped thin films, at different period of deposition, and the levels of secreted 
IL-4, IL-6, IL-17, TNF-α and IFN-y were determined in the culture media. Overall, data 
analysis demonstrated that films, with or without CHX, significantly affected the expression 
profile of inflammatory cytokines, including IL-4, IL-6, IL-17, IFN-y and TNF-α  y NIH-
F3T3 cells as compared to the negative control group (p<0.05) (Fig. 11).  
Cytokines are proteins released by cells with growth, differentiation and activation 
functions and are involved in the regulation of inflammatory reactions via a complex 
mechanism [53]. Fibroblasts act directly on the inflammatory response through tissue 
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remodeling, acting on bone formation and resorption around the implants [54]. In addition, 
the activity of commercial proteases and cell-bound bacterial proteases are substantially 
reduced by CHX [55]. The release of early and late inflammatory mediators and cytokines 
such as TNF-α  I -4, IL-6, IL-17, and IFN-y can be reduced by reducing the inflammatory 
process [56].
 
Röhner et al. [57] have previously reported that CHX may lead to cell 
morphological changes and result in the accumulation and secretion of proinflammatory 
chemokines and cytokines over a short period of time. In the current study, except for IL-6, 
films with and without CHX led to a fold change increase of all assessed inflammatory 
markers as compared to the negative control group at all the experimental time points. 
Intriguingly, an opposite pattern was found for IL-6 that displayed a significant fold change 
decrease as compared to the bulk cpTi group at all the experimental periods (p<0.05). 
 
It is well known that gingival fibroblasts secrete IL-6 during the development of 
periodontal diseases [58]. IL-6 has been one of the major mediator of host response to injury, 
inflammation, and infection [59]. However, higher levels of IL-4 affects activated 
macrophages reducing the effects of TNF-α  and I -6 inhibiting the production of oxygen 
free radicals, and is considered a protective factor [60, 61]. IFN-γ has been reported to play a 
key role on cellular self-activation and [62] as well as an effective macrophage activator [63]. 
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Fig. 11. Release of interleukin IL- 4, IL-6, IL- 17, IFN-Y and TFNα of NIH-F3T3 cells for 
controls and experimental groups at days 1, 2, 3 and 4 (n=4). Lower case letters indicate 
signifi ant differen es  etween groups for the same period. *  β and ѳ indicate significant 
differences in comparison of the different days for the same group (p<0.05). The error  ars 
indi ate standard deviation. 
 
The healing process around dental implants is directly related to the interaction 
between biomaterial surfaces and biomarkers [64, 65].
 
The combination of altered surface 
chemistry and high surface energy induced macrophages to release greater anti-inflammatory 
markers and lower of pro-inflammatory markers [66]. In this study, HMDSO+CHX50min and 
HMDSO+CHX35min groups presented higher surface free energy, and these groups showed 
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decreased levels of IL-6 when compared to the machined control group. Not only implant 
topography, but surface wettability is an important factor in decreasing IL-6 expression [67, 
68]. In this sense, implant surfaces with greater hydrophilicity present greater adhesion of 
gingival fibroblasts and reduction of proinflammatory mediators [69].
 
However, the 
mechanisms of action are beyond the scope of the current study and remain to be determined. 
 
3.9. Co-culture and analyses of fibroblast cells and S. sanguinis data 
For the co-culture model, we used the CHX-doped thin film (HMDSO+CHX50min) that 
exhibited the most optimized balance between biofilm inhibition and citocompatibility, and 
compared it with the HMDSO and machined controls. In the WST-1 assay, the HMDSO and 
HMDSO+CHX50min groups demonstrated the highest metabolic activity values of the 
fibroblasts and the most constant co-culture growth over the examined period of time, 
comparable to the machined group. In particular, the HMDSO+CHX50min group was 
significantly higher than the machined and HMDSO groups at day 3 (p<0.05). In contrast, the 
machined group presented higher metabolic activity of fibroblasts when compared with the 
HMDSO and 









Fig. 12. WST viability activity of co-culture of periodontal ligament fibroblasts cells and S. 
sanguinis after 24, 48 and 72 h in all groups (n=3). Lower case letters indicate significant 
differences between groups for the same period. Upper case letters indicate significant 
differences in comparison of the different days for the same group (p<0.05, Tukey HSD test). 
The error  ars indi ate standard deviation. 
 
The proliferation and attachment of osteoblast cells has been one of the main factors 
in the development of new dental implant surfaces, targeted to improve bone formation after 
implant installation [70]. However, preventing initial infection after implant placement has 
been considered a major factor in the development of new biomaterial surfaces. Kronstrom et 
al. [71] reported that early dental implant failure has been commonly associated with primary 
colonizing bacteria such as S. sanguinis, which is commonly involved. These bacteria adhere 
to any surface, and when colonized on dental implant surfaces may collaborate in the 
development of peri-implantitis [72]. 
Therefore, researchers have sought to develop biomaterials with antimicrobial 
potentials. However, these surfaces could produce toxic effects on the peri-implant region, 
interfering negatively in the initial implant installation phase [50]. There are standardized 
methods to identify cell behavior and reactions of tissues to these biomaterials [73]. WST-1 
has been used to evaluate biocompatibility of biomaterials due to its reaction with the 
mitochondrial succinate-tetrazolium reductase forming the formazan dye [74]. Another 
method commonly used to evaluate biocompatibility of biomaterials is XTT assay, by 
measuring the mitochondrial activities of cells and microorganisms. XTT is a tetrazolium salt 
which upon reaction will produce a water soluble formazan derivative [75]. 
The XTT colorimetric method was used to determine metabolic activity relating to the 
bacterial cell viability of co-cultured S. sanguinis (Fig. 13). In this study, at 1 and 2 days, no 
differences were observed between all groups; however, the HMDSO+CHX50min group at day 
3 exhibited low bacterial metabolic activity of the co-cultured group compared to the 
machined and HMDSO groups (p<0.05).   
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Fig. 13. XTT metabolic activity after exposure of co-culture of periodontal ligament 
fibroblasts cells and S. sanguinis to all groups (n=3). The major reductions in metabolic 
activity were primarily found to CHX-doped film at day 3 (p<0.05), being considered slightly 
anti-microbial when compared with HMDSO and machined groups. The error  ars indi ate 
standard deviation. 
 
Both XTT and WST-1 were used to assess the viability of co-cultured of periodontal 
ligament fibroblasts cells and S. sanguinis in vitro when exposed to the thin film on titanium 
discs using HMDSO and CHX. The co-cultures grown on the HMDSO+CHX50min group at 
day 3 demonstrated 94% of maximum metabolic activity with the XTT assay, indicating the 
co-cultures were viable. Although it was expected that the co-cultures will present low 
metabolic activity in the HMDSO+CHX50min group, the co-cultures with the 
HMDSO+CHX50min group exhibited 68% metabolic activity at day 3 for the WST-1 assay 
without indicating significant differences with the groups without CHX. The WST-1 and 
XTT assays are complementary, both measuring ability of fibroblast and bacterial cells, 
respectively, to maintain viability. In this study, the percentage of viability was higher in the 
XTT assay than the WST-1 assay. The highest viability percentage for the XTT assay can be 
the combination of the result of a greater number of viable cells, as well as the presence of 
greater metabolic activity during this analysis [75]. 
 Also, the LDH assay results demonstrated similarity to the other biocompatibility 
experiments (Fig. 14). The LDH cytotoxicity assay has been widely used to evaluate the 
presence of toxicity on tissue and human cells. When biomaterials damage cells and cause the 
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release of LDH, in this colorimetric assay, LDH reduces NAD to NADH, which reacts with 
the specific probe to generate a fluorescent product [75].  
The LDH assay did not indicate an enhancement of LDH activity in the supernatants 
of co-cultured periodontal ligament fibroblast cells and S. sanguinis incubated with the 
HMDSO+CHX50min group, indicating normal cell vitality. In addition, the measured LDH 
activity was similar between all groups. However, higher LDH release has previously been 
described for antimicrobials like CHX [76]. As previously reported, biomaterials with 
antimicrobial potentials may lead to increased LDH activity present in fibroblast cells, which 
could have resulted in an increased release of LDH enzyme when the co-culture was exposed 
to the HMDSO+CHX50min group. 
 
Fig. 14. LDH cytotoxicity activity of co-cultured periodontal ligament fibroblasts cells and S. 
sanguinis after 24, 48 and 72 h in all groups studied (n=3). Lower case letters indicate 
significant differences between groups for the same period. Upper case letters indicate 
significant differences in comparison of the different days for the same group. The error  ars 
indi ate standard deviation. 
 
Furthermore, the co-cultures were grown for 24, 48 and 72 h, and samples were 
stained with Live/Dead stain and examined in a confocal microscope. The behavior of 
bacteria among the three days of incubation may not have provoked a decrease in the number 
of human periodontal ligament fibroblast cells found on machined and HMDSO groups. On 
the other hand, HMDSO+CHX50min group exhibited stability in the number of human 
periodontal ligament fibroblast cells over the three analyzed days, while the number of live 
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and dead bacteria remained the same (Table 2). In addition, the nuclei of the human 
periodontal ligament fibroblast cells exposed to the HMDSO+CHX50min group at day 3 
exhibited red staining that was not observed in the human periodontal ligament fibroblast 
cells without CHX (Fig. 15). Although the HMDSO+CHX50min group at day 3 demonstrated a 
high estimated number of dead S. sanguinis cells, in a similar way, the same sample managed 
to preserve a considerable number of live human periodontal ligament fibroblast cells. 
 
Table 2  
Mean number of viable/dead S. sanguinis detected (log values) with minimal and maximal 
data and mean number of human periodontal ligament fibroblast cells after 1, 2 and 3 days of 






 Viable  Dead Fibroblast 
 Mean ± SD  Mean ± SD  Min Max  Min Max Mean ± SD 
 
Day 1 
Machined 8.1±0.2  7.9±0.1  7.69 8.20  7.74 8.04 15.7±6.5 
HMDSO 7.9±0.2  8.0±0.2  7.76 8.29  7.70 8.32 27.3±3.2 
HMDSO+CHX50min 8.1±0.2  8.2±0.3  7.74 8.45  7.71 8.49 15.7±4.2 






 Viable  Dead Fibroblast 
 Mean ± SD  Mean ± SD  Min Max  Min Max Mean ± SD 
 
Day 2 
Machined 8.0±0.1  8.0±0.2  7.83 8.08  7.84 8.25 31.0±11.7 
HMDSO 7.9±0.2  7.6±0.3  7.65 8.24  7.12 8.04 15.7±5.7 
HMDSO+CHX50min 8.1±0.1  8.0±0.2  8.01 8.31  7.73 8.36 14.3±3.8 
            
 
Group 
Viable  Dead  Viable  Dead Fibroblast 
 Mean ± SD  Mean ± SD  Min Max  Min Max Mean ± SD 
 
Day 3 
Machined 7.4±0.6  6.6±1.5  6.61 7.96  4.63 7.91 51.0±3.0 
HMDSO 7.8±0.3  7.5±0.2  7.50 8.18  7.26 7.73 22.3±7.4 
HMDSO+CHX50min 7.9±0.3  7.8±0.4  7.45 8.23  7.15 8.17 17.3±7.2 
It is important that the fitting of peri-implant tissue to the implant contributes to the 
maintenance of the implant [77]. Although cell damage was observed, this result may not be 
related to co-infection since S. sanguinis are not normally considered pathogenic. Moreover, 
similar results indicate that osteoblast cells are typically exposed to oral streptococci [78]. In 
this sense, the lower number of fibroblast cells and the presence of cell damage at day 3 with 
the HMDSO+CHX50min group is potentially related to the presence of CHX on this surface. 
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Although CHX has been reported as the gold standard oral antimicrobial agent in the 
treatment and prevention of a broad spectrum of bacteria. Unfortunately, its use is known to 
cause undesirable effects, such as low levels of toxicity to oral cavity cells [79].  
 
Fig. 15. CLSM images of live/dead staining of co-cultured human periodontal ligament 
fibroblasts and S. sanguinis on all surfaces studied at 1, 2, and 3 days. Live cells are stained 
in green and dead cells are stained in red. Arrows indicate the red stained nuclei of the human 
periodontal ligaments fibroblasts cells in red staining. 
 
3.10. Clinical implications, limitations, and future perspectives 
Although peri-implant-related disease is host-dependent, bacteria have an important 
effect in triggering the initial inflammatory process. Topographical and chemical properties 
of the implant materials have been reported to play a role in biofilm development [80]. The 
most important discovery in our study is that this new developed multifunctional surface was 
able to reduce biofilm formation without significantly affecting host cells. Although, we 
consider GDP as a promising strategy to create bio-functional surfaces, and more specifically 
modulate biofilm development, the findings of the current study are limited to an in vitro 
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system. Future studies need to evaluate the surface in a location that fully mimics the oral 
environment in terms of oral fluids such as the protein composition of saliva and blood 
plasma, and microbiological and cell diversities of the peri-implant site. Additionally, further 
pre-clinical and controlled clinical in vivo studies should be considered in order to confirm 
CHX-doped thin films based on silicon are a safe, reliable and predictable approach to 
prevent peri-implantitis.  
 
4. Conclusions 
We successfully developed a CHX-doped thin silicon-based film on titanium surface 
via GDP. CHX thin films remained cytocompatible and reduced S. sanguinis biofilm. 
Therefore, films based of silicon with CHX-created films may potentially represent a 
significant technological advance to modulate biofilm development on dental- or implant-
supported prosthetic structures and to prevent inflammation-associated tissue damage. 
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